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I. INTRODUCTION

The electronic structure of polyenes has been a subject of
interest for many years. The unsaturated bonds which character-
ize the polyenes have an important effect on their electronic
structure and the corresponding electronic properties. In a
polyene (see Fig. 1) three of the four carbon valence electrons
are in sp hybridized orbitals; two of the C-type bonds are links
in the backbone chain while the third forms a bond with some side
group (e.g., H in Fig. 1). The remaining valence electron has
the symmetry of the 2 px orbital and forms a n bond in which the
charge density is perpendicular to the plane of the molecule. In
terms of an energy-band description, the C bonds form low-lying
completely filled bands, while the rr bond would correspond to a
half-filled band. The n bond could be metallic provided there is
negligible distortion of the chain, and an independent-particle
model proved to be satisfactory.

The possibility of a distortion of the molecular structure
intrigued the early investigators. J. E. Lennard-Jones,1 in an
early application of Huckel theory of molecular orbitals, investi-
gated the electronic structure of polyenes. His conclusion, that
in the limit of an infinite chain the bonds tended to a constant
value of 1.38 A, was later supported by studies of Coulson.2 How-
ever, the theoretical conclusions seemed less than satisfactory
in view of the experimental observations. 3 Using either molecular-
orbital (MO) theory or a free-electron model in which the TT elec-
trons are considered free to delocalize along the chain, the
energy for a transition to the lowest excited state decreases
linearly with the reciprocal of the chain length. This rule was
observed to work rather well for the short polyenes. However,
experiments indicated that for very long chains the transiti on
energy reached a limiting value of about 2 eV.3 Later Kuhn
demonstrated that bond alternation could serve as a possible
explanation of the energy gap in long polyenes.

The first convincing analysis was that given by Lounget-
Higgins and Salem;5 by assuming a well-defined model they were
able to carry out the calculation without recourse to estimates
of physical parameters. They found the uniform infinite chain
unstable with respect to bond alternation. Hence for an infinite
polyene the stable configuration is one of unequal bond lengths.
This result is no more th n a restatement of the one-dimensional
(l-D) Peierls instability,7 for a special case. For long polyenes
where bond alternation becomes important the electron is subject
to a periodic potential with a period of twice the original undis-
torted chain. Such a potential introduces a gap at 2kF causing a
change of character in the polyene from a metal to a semiconductor.

The importance of correlation in long chain polyenes has
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Fig, 1. Molecular structure of cis and trans isomers
of polyacetylene, (CH)X.

been s ressed by Ovchinnikov et al.8 and others.9 Ovchinnikov
et el. argued that the electronic gap of - 2 eV seen in the
long chain polyenes is due almost entirely to correlation with
the Peierls effect playing little or no part. However there is
not general agreement on this point. Grant and BatraI6 estimated
a somewhat larger single particle energy gap, whereas Duke et al.11

showed that a calculation including a combination of bond alter-
nation and Coulomb interaction yields results in agreement with
photoemission and optical absorption data.

Linear polyacetylene, (CH)x, is the simplest conjugated

organic polymer (Fig. 1) and is therefore of special fundamental
interest in the context of the above discussion. From theoretical
and spectroscopic studies of short chain polyenes, the f-system
transfer integral can be estimated as Itl - 2-2.5 eV. Such an
estimate implies that the overall bandwidth would be of order
8-10 eV; W11 = 2Zlt. As a result of this large overall band
width and unsaturated f-system (CH')x is fundamentally different
from either the traditional organic semiconductors made up of
weakly interacting molecules (e.g., anthracene, etc.), or from

other saturated polymers with monomeric units of the form (R_-_)
where there are no f-electrons (e.g., polyethylene, etc.). o
acetZlene is more nearly analogous to the traditional inorganic
semiconductors. However, the transverse bandwidth due to inter-
chain coupling is much less. The nearest-neighbor interchain
spacing12 of 4.39 A implies a transverse bandwidth (WI) comparable
to the bandwidth (longitudinal) in molecular crystals like tetra-
thiafulvalenium-tetracyano-p-quinodimethanide (TTF-TCNQ) ;7 thus
W, - 0.1 eV. Weak interchain coupling is therefore implied, and
the system may be regarded as quasi-one-dimensional. Consequently,
although the 1-D Peierls instability is not a full explanation of
the electronic structure of polyacetylene, it provides a useful
starting point of discussion for many of the electronic properties.
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Interest in this semiconducting polymer has been stimulated
by the successful demonstration of doping with tssociated control
of electrical properties over a wide range;13,14 the electrical
conductivity of films of (CH)x can be varied over 12 orders of
magnitude from that of an insulator (a - lO-Q1cm-1) through
semiconductor to a metal (a le- icm-1) 15,16 Various electron
donating or accepting molecules can be used to yield n-type or
p-type material,1 7 and compensation and junction formation have
been demonstrated.17,18 Optical-absorption studies1 9 indicate a
direct band-gap semiconductor with a peak absorption coefficient
of about 3xl0 5cm"1 at 1.9 eV. Partial orientation2 0 of the poly-
mer fibrils by stretch elongation of the (CH)x films results in
anisotropic electrical21 and optical properties 19 suggestive of a
highly anisotropic band structure. The electrical conductivity
of partially oriented metallic [CH(AsF5 )0. 1 x is in excess of
2000 C-icm-1.21 The qualitative change in electrical and optical
properties at dopant concentrations above a few percent have been
interpreted as a semiconductor-metal transitionl by analogy to
that observed in studies of heavily doped silicon. However, the
anomalously small Curie-law susceptibilit_ 2 2 components in the
lightly doped semiconductor regime indicate that the localized
states induced by doping below the semiconductor-metal transition
are nonmagnetic. These observations coupled with electron spin
resonance studies of neutral defects2 3 ,24 in the undoped polymer
have resulted in the concept of soliton doping; i.e. localized
domain-wall-like charged dopor-acceptor states induced through
charge transfer doping.25, 2

The initial results obtained on conducting polymers have
generated considerable interest from the point of view of poten-
tially low cost solar energy conversion. Experiments utilizing
polyacetylene (CH)x, successfully demonstrated rectifying junction
formation.17 1 8 In particular a p-(CH)x:n-ZnS heterojunction
solar cell bas been fabricated with open circuit photovoltage of
0.8 Volts.10 In related experiments, a photoelectrochemical photo-
voltaic cell was fabricated using (CH)x as the active photoelec-
trode.27

In this review, we will concentrate primarily on aspects of
the work carried out at the University of Pennsylvania, bringing
in contributions of colleagues at other institutions where approp-
riate. The focus will be. on the fundamental physics and physical
mechanisms. Detailed discussion of the more chemical aspects can
be found elsewhere.

1 3 ,14

II. SEMICONLUCTING (CH) x

IIA. Band Structure1 0 ,2 5

As an initial approximation we consider a model in which the

V
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i-electrons of trans-(CH)x are treated in a tight binding approxi-
mation and the a electrons are assumed to move adiabatically with
the nuclei. Let un be a configuration coordinate for displace-
ment of the nh CH group along the molecular symmetry axis (x),
where un=O for the undimerized chain. The Hamiltonian is

H = -F (t C+ C +h.c.) + 2 unul-Un)

hs n+l,n n+l,s n,s n +lnn 2n

where to first order in the u's,

tn+ln = t o-a(un+l-Un) "  (2)

M is the mass of the CH unit, K is the spring constant for the a
energy when expanded to second order about the equilibrium undim-
erized systems, and cn+ (cns) creates (annihilates) a n electron
of spin s on the th CH group. The band structure of the perfect
infinite dimerized trans structure is shown in Fig. 2. In this
perfect structure, the displacements are of the form

Uno = ± (-l)n1 uo,  (3)

where • corresponds to the two possible degenerate structures
(double bonds pointing "up" and double bonds pointing "down").
The transfer integrals for the perfect chain are

to-ti  "single" bond

n+ln t +t "double" bond

The overall bandwidth is 4t, a 8-10 eV; whereas the energy gap

Eg = 4t, depends on the magnitude of the distortion. For example
if Eg = 4t 1.4 eV, the value of u ich minimizes the ground
state energy (assuming K = 10.5 eV/A) is uo  0.042 A in the
direction of the CH displacement while the bond length change due

Fig. 2. Band structure of perfectly dimerized (CH) x .

4:-
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to bond alternation is / uo = 0.073 4. Larger values of the
energy gap require larger distortions; e.g. Eg = Lt, = 2 eV corre-

sponds to uo = .056 A. In the presence of weak bond alternation
with static distortion uO

e(k) = ±2 It0cos ka + t! sin'ka (5)

where a is the c-c distance along the chain in the uniform struc-
ture. More detailed band calculations have been carried out by
Grant and BatraI0 including consideration of the cis-structure and
the effects of interchain coupling. The interchain coupling s
expected to give transverse bandwidth of the order of a few tenths
of an eV. Because of the crystal potential associated with the
doubled unit cell of the cis-(CH)x structure, -here s an energy
gap even for uniform bonds. Consequently we ex o: the experi-
mental energy gap for cis-(CH)x to be greater than that for
trans -(Cli) x .

IIB. Optical Absorption
1 9 ,2 9 ,30

Optical absorption data for trans-CC(-{)x and cis-(Th are
shown in Figures 3a and 3b. The absorption coefficient for trans-
(CH)x begins a slow increase around 1.0 eV rising sharply at 1.4
eV to a peak at about 1.9 eV. The magnitude of the absorption
coefficient (3x10 cm"1 ) at the peak is comparable with the peak
value in typical direct gap semiconductors of about 106 cm-i.
For the cis isomer the absorption maximum is blue shifted by about
0.3 eV consistent with a somewhat larger gap.

A detailed analysis2 9 of the absorption spectrum has been
carried out in terms of the joint density of states for the optical
interband transition. Using the tight-binding results discussed
above and assuming weak interchain coupling the optical joint
density of states takes the form sketched in Fig, 3c. The dashed
curve represents the 1-D limit where the (6-6g)-f singularity
occurs at the band edge. Interchain coupling removes the singu-
larity as described above shifting the maximum away from Edirectg
by an amount of order WI. The possibility of an indirect gap,
which may arise from interchain coupling, is indicated by extending
the curve below Edirect.

g
Collecting these results we can make a qualitative picture of

the optical absorption for a highly anisotropic (quasi-l-D) semi-
conductor. The optical absorption will begin once the photon
energy is larger than the indirect gap and then increase rapidly
to the quenched singularity, decreasing for larger photon energies.
Such a picture agrees with the data for polyacetylene shown in
Fig. 3. Taking the absorption peak to be 1.9 eV, one estimates
the transverse bandwidth to be 1 0.5 eV. This value for W1 -2zt
is consistent with the intermolecular transfer integrals in other

4 ' __--__________
-
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Fig. 3c. The Joint optical density of states corre-sponding to the band structure of Fig. 10(a).The rounding of the square-root singularityarises from interchain coupling (WI) (ref.
29).
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Fig. 4. Polarized reflectance as a function of fre-

quency from partially oriented (CH)x (1/l=2.5).
R1 and R, refer to light polarization parallel
and peipendicular to the orientation direction
(ref. 29).

molecular crystals such as TTF-TCNQ.7 This interpretation of the
optical absorption appears to be applicable to (CH)x as well as
many other low-dimensional solids. Using the above analysis as a
guide one would estimate from the data a direct gap of -1.4 eV.

IIC. Visible and Infrared Reflectance
21 ,29

Figure 4 shows the polarized reflectance data from oriented
films (1/l- 2.5-3) of pure trans-(CH) x where 10 and 1 are the

unstretched and stretched lengths, respectively. The large optical
anisotropy induced by orientation is clearly evident. The reflec-
tion data are consistent with a semiconductor model for pure
(CH)x in qualitative agreement with the absorption data described
above. The interband transition is apparent in R11 in the region
of 2 eV with the reflectance decreasing to a low frequency value
of R1l1 *0.1, implying a dielectric constant of E112-3-4, in agree-
mert with the value measured 31 at microwave frequencies (note that
the low density of fibrils in the (CH)x films implies that the
true value of Ell within a given fibril is E-l0-12). The perpen-
dicular reflectance R. is small throughout the measured range
indicative of quasi-one-dimensional behavior and relatively weak

interchain coupling. The .low frequency limiting value, Ra 1"%,

implies " 1.5.

The Kramers-Kronig analysis was used to analyze the reflec-
tance data for partially oriented pure trans-(CH) . The results
for a1(wu) and , (wi) are presented in Figs. 5 and b. The results
are precisely as expected for a semiconductor; a(w) rises from
zero at low frequencies to a peak value of xlOdiI cm - at about
16,000 cm-1 . E(w) is negative at high frequencies crossing zero

- .. . .. - . . . . -. o
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Fig. 6. E(w) for trans-(CH), as obtained from Kramers-
Kronig analysis of the Rjj reflection spectrum
(ref. 29).

at about 16,000 cm-1 . At low frequencies E approaches a limiting
value E(o) 4 consistent with the values determined directly
from R(w - 0) and the microwave data.

The absorption and reflection data are consistent and imply
a semiconductor band structure with an energy gap arising from
bond alternation of about 1.5 eV. However, as indicated in the
introduction this viewpoint is not universally accepted. Ovchin-
nikov et al.6,9 have argued that the energy gap extrapolated to
infinite chain polyenes is too large to be accounted for by simple
band theory of the dimerized chain, and concluded that Coulomb
correlations play an important role. It has been shown32 that the

gap due simultaneously to correlation and a Peierls dimerization
is of the form A (A r+ 0 alt)o. other theoretical

corr talt)2 aiu ohrteoeia
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studies have shown that Coulomb correlation may be important in
this system. Duke et al.11 use a CDFDO-S2 calculation scheme on
polyenes of varying lengths, C4nIH4n,2 (n = 1,2,3,4) to find an
approximation to the band structure, electron photoemission
spectra, and the lowest electronic transition energy. Using a
configuration interaction analysis, Duke et al.1 1 also conclude
the lowest BUM. The energy difference is then the lowest singlet
molecular exciton. The exciton band is then extrapolated to
n - - in order to predict the transition energy in polyacetylene,
obtaining AE 1 2.0 eV. The agreement between the extrapolated
value and the experimental absorption edge is quite good.

The optical data appear consistent with either of two models
for the electronic structure of polyacetylene. The first view is
simple single-particle (band theory) joint of view, while the
second view models (CH)x as a strongly correlated system where
single-particle ideas are invalid. Since excitons may be viewed
as bound electron-hole pairs, whereas a direct n-fl* transition
would create a free electron and hole, direct observation of
electron-hole rair generation through photoconductivity and/or
photovoltaic studies is of critical importance.

LID. Photovoltaic Effectl8 ,27,33

Photovoltaic studies have been carried out using trans-(CH)x:
n-ZnS heterojunctions, photoelectrochemical cells using )x as
the active photoelectrode, and Schottky barriers formed with
Indium metal on (CH)x.33 The photoresponse of the trans-(CH)x: n-
ZnS heterojunction diode is shown in Fig. 7. One sees two photo-
response edges, at approximately 1.4 eV and 2.6 eV. The magnitude
of the peak at 0.9 eV was dependent upon previous illumination
and thus probably arises from trapping states in the gap. The
data therefore are consistent with optical studies of (CH)x which
imply a gap energy of about 1.5 eV. However, the relatively low
quantu e fficiency below 2.5 eV may indicate primary exciton
formatin. Thus the actual single particle energy gap may be
somewhat higher than 1.5 eV. Under illumination of approximately
1 sun, the (CH)x:ZnS heterojunction gives an open circuit photo-
voltage of 0.8 V.

Photoelectrochemical photovoltaic cells have been fabricated
2 7

using polyacetylene, (CHI., as the active photoelectrode. Using
a sodium polysulfide solution as electrolyte, Voc - 0.3 Volts and
Isc 0 40 W amps/cm2 were obtained under illumination of approxi-
mately 1 sun. With the initial configuration, the cell efficiency
was limited by the series resistance, the small effective area of
the electrode configuration, and the absorbance of the solution.
The PEC photoresponse falls rapidly at photon energies below 1.4
eV, consistent with optical studies of (CH)x which suggest a band
gap energy of about 1.5 eV. However, again, the relatively low

II
- . -- .....-- --
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Fig. 7. Photoresponse of n-ZnS:undoped trans-(CH)x n-p
heterojunction. Quantum efficiency normalized
to 3.1 eV peak where the absolute quantum
efficiency is of order unity. (ref. 13).

quantum efficiency below 2.5 eV may indicate primary exciton
formation.

In summary, optical absorption and reflection data are con-
sistent with the band structure of a direct gap semiconductor with
an energy gap of about 1.5 eV. Photovoltaic response is observed
with an onset near 1.5 eV. However, the relatively low quantum

efficiency strongly suggests that the true single particle band
gap is somewhat higher with the edge at 1.5 eV being due to a
weakly bound exciton.

III. DOPING OF (CH)x 13l 17,3 4

When pure polyacetylene is doped with a donor or an acceptor,
the electrical conductivity increases sharply over many orders of
magnitude at low concentration, then saturates at higher dopant
levels, above approximately 1%. The maximum conductivity for
nonaligned cis-[CH(AsF5 )0 .1& 1x is in excess of & 0- 1 -cm "1 with
similar values obtained for a variety of dopants. The typical
behavior for the conductivity as a function of dopant concentration
(y) is shown in Figure 8. The general features appear to be the
same for the various donor and acceptor dopants, but with detailed
differences in the saturation values and the critical concentra-
tion at the "knee" in the curve (above which a is only weakly
dependent on y). These transport studies suggest a change in
behavior at a critical concentration (yc); a semiconductor to
metal (SM) transition.

i-[ ir7A'
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IIIA. Localized Donor/Acceptor States: Light Doping

The simplest model of the localized donor or acceptor state

at light doping (y < yc) follows the traditional semiconductor
approach and pictures the electron or hole, with effective mass

m* determined by the band structure loosely bound to the charged
center by Coulomb forces in a dielectric medium. In lightly

doped (CH)x, instead of substitutionally replacing the host as in
silicon, the impurity resides very close to the polymer chain, on

the surface of the 200 A fibrils and/or between individual chains.

At light doping levels we assume isolated impurities interacting

with a single polymer cha.in. At heavy doping levels impurity
interactions will become important, however, well below the SM

transition this should not be a problem. The impurity could either

donate an electron to, or accept an electron from the chain. In

the acceptor case, the hole on the chain would be free to delocal-

ize if it were not for the Coulomb binding to the impurity. The

resulting localized states are bound states of the hole on the

polymer chain in the vicinity of the charged donor or acceptor

ion. The binding energies of such quasi-one-dimensional hydrogenic

.. .. II



impurity states have been shown to be the same as :'or donors an i
acceptors in traditional semiconductors.3 1 Note tlat these
hydro enic bound states will contain one electron or hole with
spin f and thus will give a Curie-law contribution ",o the magnetic
susceptibility.

The assumption that charge transfer doping leeas to electrons
and holes assumes a rigid band structure along the lines of tradi-
tional semiconductor physics. However, as discussed in IIA, the
bond-alternation energy gap in trans-(CI{)x may be ".-ewed as the
result of the 2kF instability of the coupled electron-lattice
system in a quasi-ld metal. In this point of view, the effect of
charge-transfer doping would be to change kF = 'rr'2)n, where n is
the nuber of carriers per unit length along the chain in the
undistorted metallic state. In the pure polymer, there is one
electron per carbon atom corresponding to a half-filled band so
that no = a-, where a is the uniform carbon-carbon bond length
and kF  k = n/2a. The resulting charge-density-wave distortion
occurs with a superlattice period b° = 2rT/2kF = 2a, implying a
dimerized bond-alternating structure as observed in (CH)x . Eoping
will change kF; kF = (/2)no(l i c', where c is the impurity ccr-
centration, and the plus or minus sign is appropriate for donor
or acceptor doping. We have assumed complete charge transfer.
The resulting superlattice period will shift away from bs = 2a to
a new value b s = 2a/(1 ± c), incomnensurate with the carbon-chain
polymer structure. However, the commensurability energy strongly
favors locking 2kF at the zone boundary; a commensurate bond
alternation with period 2a places n-bond charge between carbon
atoms [Fig. lO(a)i, whereas in the incomnensurate case, the
charge-density maxima and minima would not be related to the
atomic positions. As a compromise the doped structure breaks up
into domains; i.e. regions of bond-alternation separated by
charged domain walls.

The formation of domain-walls, or solitons, on long chain
polyenes has been studied theoretically by Su, Schrieffer and
Heeger,25 and by Rice.20 Following their work, we consider two
domains with B phase to the left and A phase to the right of a
soliton which is at rest at the origin, as illustrated in Fig. 9a.
To determine the properties of the soliton (width, energy, mass,
spin, etc.) the ground state energy of the system was determined
for an arbitrary displacement pattern which reduces to the A and
B phases as one moves to the far right or left. In practice, the
displacements were varied in a segment containing N CH groups
located symmetrically about n--O, and matched onto perfect A and B
phases on either side. The ground state energy was then calculated
for any set of displacements, un, in the segment. Defining the
staggered order parameter Yn = (-l)nUn (which reduces to : uo for
the A and B phases and is zero by symmetry at the center of the
wall), and choosing as a trial function
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Fig. 9 (ref. 25).

a. Schematic of soliton separating A and B
phases.

b. Soliton energy as a function of wall width
for three values of Eg.

n= Uo tanh(2) (7)

the system energy E(f) was determined as shown in Figure 9b for
40 = 1.0, 1.4, and 2.0 eV. The minimum occurs at I 7 for 48, =
1. eV so that the wall is quite diffuse (for 48, = 2.0 eV, 1. --
and for 48, = 1.0 eV, I 1 9). The energy to create the soliton at
rest is Es as 0.4 eV for the 1.4 eV gap energy (0.6 eV for 4t =
2.0 eV, 0.3 eV for 4t, = 1.0 eV). Using the adiabatic approxi-
mation for the electronic motion, it was shown that the effective
mass of the soliton is related to the 6un for a small change in
wall position 6x, by

6u 2 .4u 2M
Ms = -"--2-° (8)

n '"s) 31a 2

where the second equality holds if we use (7) and replace n by
n-xs/a in the derivative. Using the values obtained above for
4t, = 1.4 eV, one finds M. M-6 me, where me is the electron mass.

The electronic structure of the soliton exhibits a localized
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Fig. 10. a. Neutral soliton defect in trans-(CH)x
( paramagne tic ).X

b. Soliton kink after charge transfer

(diamagnetic).

state ^0o at the center of the gap, containing one electron for
*_ie neutral kink. While this localized state 4s spin unpaireI,
-he distorted valence band continues to have spin zero. Thus,
the neutral soliton has spin 1. The static susceptibility there-

fore will contain a Curie law contribution and can be used to
count the number of soliton defects present.

Since the localized state occurs at the gap center, i.e. the
chemical potential, the relevance of the solitons to the doping

of (CH)x depends on the energy for creation of a soliton, E., as
compared with the energy required for making an electron or a
hole, I E £ . If A - Es, charge transfer doping would occur by
creating free band excitations; if A > Es , soliton formation would
be favored. For E = 1.4 considered above, Es 0" 0.4 eV < A = O.7eV.

Thus, the solitonlound hole leads to stabilization over the free
hole by (A-Es ) " 0.3 eV with correspondingly larger values if the
gap is larger. The same stabilization energy holds for adding an
electron, which would occupy CO(X) of the soliton rather than
being placed at the condaction band edge. Self consistent field
effects arising from electron-electron interactions would split
the ionization and affinity levels of co about the center of the

gap and change these estimates accordingly. We note that the
ionized solitons formed upon dping with acc tors 7or donors)
will be non-magnetic.

The origin of the localized state can be seen from elementary
chemical arguments. Fig. lOa shows a schematic diagram of a
neutral kink localized on a single lattice site. Satisfying the
carbon valence at the center of the kink requires a non-bonded
pi-electron (S-+) localized on the kink (Fig. 10a). Ionization
by a nearby acceptor leads to a charged, non-magnetic, kink (Fig.
lob). For simplicity the kinks are shown localized on one lattice
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Fig. 11. Spin susceptibility of nonmagnetic (CH)x
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Both samples were from same batch of undoped
polymer. The dotted line represents the
Curie law expected for y=O.006 assuming AsF5 "
with spin - (ref. 22).

site whereas minimization of the energy will spread the kink over
many sites as described above.

An important difference between the conventional semicon-
ductor doping (electrons or holes bound in the Coulomb potential
of the ion) and soliton doping is the magnetic character of the
resulting localized states. Because of the spin degeneracy of a
single hole (or electron) in a localized state, the magnetic sus-
ceptibility would be expected to obey a Curie law. Double occu-
pancy of such weakly bound states in the gap is inhibited by
electron-electron Coulomb interactions. On the other hand, the
charged ionized soliton localized state is diamagnetic.

Experimental studies2 2 have shown that the localized states
induced by doping are non-magnetic in agreement with the soliton
theory outlined above. For example, a series of electron spin
resonance measurements (10 GHz) were carried out on a sample
lightly doped (y-.OO6) with AsFs and an undoped trans-(CH)x as
shown in Fig. 1. Both samples exhibited Curie-like susceptibil-
ities between 77 K and 295 K. Assuming S = I for the observed
spins, the concentrations of unpaired local moments are 850 and
630 per 10 carbon atoms for y--O and 0.006, respectively. The
local-moment concentration in undoped trans-(CH) is roughly con-
sistent with previous measurements by Shirakawa2l and Goldberg



et al.24 of 300 /10e carbon atoms. Differences are probably due
to minor variations in film preparation and isomerization.
Significantly, however, the trans-(CH), showed no enhanced local-
moment concentration upon doping. Shown also in Fig. 11 (dashed
line) is the Curie-law susceptibility which would correspond to
one unpaired spin generated per AsF6 for y = 0.006. From these
results one concludes that the localized states induced by light
doping below the SM transition are non-magnetic. This result was
confirmed by Faraday balance measurements. The residual weak
Curie law from defects in the undoped (CH)x decreases in magnitude
as y increases rather than increasing in proportion to the dopant
concentration.

Other evidence relevant to the soliton auestion is summarized
by Su, Schrieffer and Heeger2 5 and by Fincher, Ozaki, Heeger and
MacDiarmid.31 Although considerable work needs to be done in this
area, the experimental results are in qualitative agreement with
the soliton doping mechanism.

IIIB. Semiconductor-Metal Transition and the Metallic State

The semiconductor-metal transition in doped polyacetylene has
been studied by a variety of experimental techniques including
electrical conductivity, thermopower, magnetic susceptibility,
far-ir transmission, and ir reflectance; all as a function of
dopant concentration. In general qualitative charges are evident
in essentially all the physical properties, indicative of semi-
conductor behavior below yc and metallic behavior above y. where
Yc is about 0.03 (i.e. - 3 mole% dopant).

i) Transport: Conductivity14 ,15 and Thermopower 35. Typical
data for electrical conductivity (room temperature) as a function
of dopant concentration are shown in Fig. 8. The change in be-
havior above - 3% is evident. Similar changes are observed in
the temperature dependence; samples with y < Yc show activated
behavior with the activation energy decreasing with increasing
copant concentration. For y > Yc' the activation energy is suffi-
ciently small that the interfibril contacts play a limiting role.

Since thermoelectric power is a zero-current transport coef-
ficient, thermopower measurements can provide important information
on such a system. The ijterfibril contacts should be unimportant
allowing an evaluation of the intrinsic metallic properties.
Moreover, since the thermopower (S) can be viewed as a measure of
the entropy per carrier, measurements as a function of y can be
used to study the SM transition. One generally expects a large
thermopower for semiconductors (few carriers with many possible
states per carrier) whereas in the metallic state the entropy of
the degenerate electron gas is small (-kB(kBT/EF) per carrier).

4? _ __ _ _ __ _ _ _
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Thermopower studies were carried out by Park et al.35 -1e
room temperature results, S vs y for trans-;CHIy2x are shown :

Fig. 12. The sign of S is positive throughout the entire concen-

tration range indicating p-type behavior consistent with charge
transfer doping to the iodine acceptor and the formation of 13-.
The metal insulator transition is clearly evident. Note that S

remains constant up to approximately y = 0.003 (0.3%) (see inset)
then falls steeply for 0,003 < y < 0.03. Above 3 mole %, S is
nearly independent of y decreasing to S = +13.5uV/K in the heavily
doped metallic limit. From this change in behavior, we infer a

critical concentration, nc 3 mole% (1 mole. 11), for the semi-

conductor-metal transition in (CHIy) X . Below 0.3%, the thermopower
is insensitive to the dopant implying that the transport is domi-
nated by defects and/or impurities in the synthesized trans-polymer.

The thermopower in the metallic high concentration limit is
shown in Figure 13 where S vs T is plotted on a linear scale.
Figure 13 includes the results for both trans-(CHIo .22 )x and trans-
[CH(AsF5 )o . 6 1,, The results for the AsF6 doped sample6 are in
excellent agreement with those obtained by K;,,ak et al.36 S is a
linear function of T whereas for the iodine doped sample, there
is somewhat more curvature (in eq. 9 we have written the result
in units of (kB/e) = B6uV/K where kB is the Boltzmann constant,

and lel is magnitude of the electron charge). In both cases, the
thermopower decreases smoothly toward zero as T - 0 in a manner
typical of metallic behavior. The magnitude and temperature
dependence of S (Fig. 13) are characteristic of a degenerate elec-
tron gas. Thus the TEP results independently verify the metallic
state above y and thereby confirm that the temperature dependent
conductivity (decreasing with decreasing temperature) is limited
by interfibril contacts; i.e. interrupted metallic strand behavior.

For a nearly filled band (i.e. p-type) metallic system, the
thermopower can be written as

rr2 k B rdina(E) (9)

where a(E) = n(E)Ie.(E) and n(E) is the number of carriers con-
tributing to O(E), dn(E)/dE = g(E) is the density of states (both
signs of spin) and u(E) is the energy dependent mobility. Assuming
energy independent scattering (p(E) independent of E)

kB rrk %  lO
S = + B )-1 kBT (EF) (10)

where r(EF) = g( )/N is the density of states per carrier. The
experimental resu ts (Fig. 13) are in good agreement with eq. 10;
the results imply f(EF) = 1.36 states per eV per carrier. Since
there are 0.15 carriers per carbon atom in [CH(AsF )o. 1 ]x
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(assuming complete charge transfer), the thermopower data yie>i
for the density of states, g(EF ) 0.2 states rer eV per C -a0 .
The curvature and somewhat larger values found for the (CHIo : x
data may imply an additional contribution arising from energy
dependent scattering.

For dilute concentrations well below the semiconductor-metal
transition the thermopower is large and essentially temperature
independent. Such behavior can be understood for a dilute concen-
tration of carriers (holes) which hop among a set of localized
states. In this case, where the kinetic energy of the carriers is
negligible, the thermomower is given by the Heikes formula

,3 3

kB

S + rie fn[(l-p)/o1] (1)

where o = n/N is the ratio of the number of holes (n) to the num-
ber of available sites (N) (eq. 11 assumes spinless Fermions; the
inclusion of spin degeneracy changes the expression to S
*(kB/Ieh)n(2-P),iP). Identification with .he experimental data
for undoped trans-(CH)x requires that P 1 10- and temperature
independent. The results therefore suggest that in the undoped
polymer, the conductivity is due to a small number of residual
carriers (Po - 10-4) provided by defects and/or impurities, and
that the mobility results from hopping. The insensitivity of the
thermopower to iodine concentrations less than 0.3 moleI (or 0.-1
13 is consistent with this interpretation and implies that Po <

1 Moreover, the large TEP together with Po 10-4 implies
that the number N of available sites is comparable to the number
of carbon atoms per unit length in the polymer chain.

The localized state hopping transport inferred from the
thermopower measurements below yc is consistent with the soliton
doping mechanism. Motion of the charged localized domain-walls
would be expected to be via diffusive hopping. Moreover, for a
fixed impurity concentration the number of charged kinks would be
independent of temperature in agreement with the data for undoped
(CH)* and for dopant concentration y < y.. Finally*, although the
domain wall would be distributed over a group of carbon atoms, in
the dilute limit the center of mass of the wall could take any
position along the chain so that the number of available sites
would be of order the number of carbon atoms.

ii) Magnetic Susceptibility. 22 The magnetic properties of
a material can provide important details of its electronic struc-
ture. In the heavily doped samples, a temperature-independent
paramagnetic contribution to the susceptibility suggests the
existence of a degenerate Fermi sea of metallic charge carriers.
From the Pauli formult the Fermi-surface density of states N(EF)
may be obtained; Xp=PB N(EF), where pB is the Bohr magneton and
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Fig. 14. Fermi-surface density of states vs AsF5 con-
centration. The solid curve represents a
rigid band one-dimensional density of state
(m*/m = 1). The dashed curve would result
from a half-filled simple tight-binding band
with transfer integral t = 2.25 eV (bandwidth
of 9 eV). x Faraday balance; * ESR (see ref.22).

N(EF) includes both spin directions. The onset of such a temper-
ature-independent Pauli term in the susceptibility as a function
of dopant concentration indicates the transition from the semi-
conducting to the metallic state.

Magnetic susceptibility studies have been carried out as a
function of dopant concentration in [CH(AsFs)y]x . The measured
total susceptibilities for all samples studieK were diamagnetic
indicating the dominance of atomic core contributions.

Treating the paramagnetic deviation from the prediction of
Pascal's constants as a Pauli susceptibility, the Fermi-surface
density of states N(EF) is obtained

Ymeas - YPascal = I4 N(EF) (12)

These results are plotted in Fig. l4. The density of states in
the metallic regime, N(o) ' 0.15 states/eV/carbon atom, is in

r- -_-.. . . ..



excellent agreement with that inferred from the thermorower.

Anisotropies found in the electrical2 1 and cptical'9 prop-
erties of partially oriented fiLms suggest that heavily doped
polyacetylene may be described as a quasi-one-dimensional metal.
Theoretical one-dimensional band structures predict a divergence
in the density of states at the band edge. Plotted in Fig. 14
for comparison is the Fermi-surface density of states for
[CH(AsFs)y]x in a one-dimensional rigid-band model assuming
n*/m = 1 and one free hole generated per AsF 5 . Clearly, the
experimental results give no indication of such a one-dimensional
band-edge anomaly.

A possible explanation of this result is that above the SM
transition bond alternation and the associated energy gap no longer
exist. That is, the band structure is that of a one-dimensional
metal with a half-fille'd conduction band. The dashed line in Fig.
14 represents a calculation of N(Ev) for such a half-filled band
in a simple tLsht-binding model -i ransfer integral 2.25 eV.
Raman snectra-" of metallic iodine doped (CH)x, however, continue
to show the t'wo absorption bands identified with C=C and C-C
stretching modes with only minor frequency shifts compared with
the pure polymer. Moreover, optical absorption and reflection
data imply that the interband transition is present above the SM
transition. Thus bond alternation persists into the metallic
regime. On the other hand, x-ray photoemizsion studies indicate
nonuniform doping at the highest concentrations.40 An inhomogen-
eous metallic state with undistorted metallic domains coexist with
regions of bond-alternated semiconductor is consistent with the
data.

Alternatively, the small density of states may result from
interchain coupling. Although the interchain distance is even
greater than the intermolecular distances in molecular crystals
such as TTF-TCNQ, it has been suggested that even this small
amount of three-dimensio:'al coupling is sufficient to quench the
one-dimensional band-edge divergence in the density of states. 1 0

The Pauli susceptibility of [CH(AsF.) v2Ix seems to turn on
continuously at AsF5 concentrations of a fnw atomic percent.
Within the limits of experimental uncertainty the susceptibility
of [CH(AsFs5) 0 .'Jx is t~mperature independent (77-295 K). There-
fore, the results of this work provide no evidence of strong
correlation enhancement of the spin susceptibility near the SM
transition.

iii) Infrared Absorption and Reflection.16,41,42 To verify
the existence of the semiconductor-to-metal transition, far infra-
red transmission data were taken on samples of varying concen-
trations of iodine and AsFs (with qualitatively similar results).
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Fig. 15 . Infrared transmission through (CHI, fiLms
(ref. 

41).

The data 16 ,41 I for a series of iodinated samples with y y are
sh.own in :'. ..5. At all frequencies the transnissio lecreases
si:h increasing concentration, As y - yc, the far ir transmissicn
cuts off at rrogressively longer wavelengr'ths consistent with an
aop:oaci zo :reallic behavior. Resulis for y 0.05 are not shown
tecause !,.e trans.ission level is less than the an of scat-
tered light 1,K) in the apparatus.

Since the long wavelength reflectance is particularly sensi-
tive to the free carrier density, the ir reflection spectra demon-
strate, with special clarity, the occurrence of the semiconductor-

metal transition and to the formation of the metallic state. The
results indicate that the critical concentration range is 1-3% in
agreement with the values inferred from dc transport, far ir trans-
mission, thermopower and magnetic studies. The anisotropy of the
polarized reflectance implies that the free carrier contribution
is polarized along the polymer chains.

The reflectance results obtained from oriented (CH)x films
doped with AsF. are shown in Figure 16. The error bars are indi-

cative of the variations obtained from different samples separ-
ately prepared and mounted. Figure 16 contains data for
[CH(AsFs)y]x with y = 0, 0.006, 0.034, 0.093 and 0.134. Since the
transition from semiconductor to metal occurs at AsF6 concentration

of about 1-%, the data of Figure 16 span the full concentration
range. Metallic behavior is clearly indicated at the highest con-

centrations; the reflectance increases with decreasing frequency
with a value approaching 90% at the longest wavelengths. On the
other hand for light doping (y < 0.01) the reflectance remains
small even at the longest wavelength consistent with semiconducting
behavior. The sharp increase in reflectance below 0.2 eV in the
y = 0.034 sample is indicative of the presence of free carriers;
evidently this sample is close to the boundary between semicon-

ductor and metal.
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The broad reflectance peak centered near 0.5 eV is evident
for both the AsF5 doping (Fig. 16) and the iodine doping. For
light doping a well-defined maximum is observed suggesting the
introduction of states within the energy gap. At higher levels
the 0.5 eV band grows in strength with an increasingly long, low
frequency tail. Qualitatively the 0.5 eV maximum which shows up
at the lightest doping levels appears to evolve continuously into
the free carrier reflectance in the metallic regime. Evidently
the states introduced into the gap at low doping grow in number
(the magnitude of R) and in length (the low frequency cut-off) as
the doping level increases. The series of spectra suggest an
interpretation in terms of small metallic regions which gradually
grow and coalesce into an extended metallic state at the highest
doping concentrations.

iv) Kramers-Kronig Analysis of Metallic FCH(AsFI)o ..3], 29
A Kramers-Kronig transform has been carried out to analyze the
reflectance data (0.1 eV-3.0 eV) of metallic [CH(AsF)o 0 1 3 ]X" At
the lowest frequencies (Fig. 16), the data were extrapoiated to
approach unity as V - 0 .assuming a Hagen-Rubens behavior of the
reflectance below 0.1 eV. Because the results of a Kramers-Kronig
transform are very sensitive in the far infrared to the precise
manner in which R(w) - 1 as w - 0, an accurate determination of
G(,i) in this frequency region is extremely difficult. However,
it was found that in the middle ir (above 1500 cm"! ) G(w) is
insensitive to the details of the low frequency extrapolation.
The results for u(m) are shown in Fig. 17. The broad peak in
C(w) centered around 16,000 cm"1 results from the interband

________
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rig. 17. C11(m) for heavily doped metallic FCH(AsF 5 )o . I x
as obtained from the RII reflection szectrum*

(ref. 29).

transition. The conductivity then begins to fall at lower fre-
quencies until 11,OCD cm "i , where it again rises as one milh:

expect for a system with free carriers. However, a somewhat sur-

prising result is that below 6000 cm-1 the conductivity again

decreases. This behavior is markedly different from the simple

Drude behavior where G(m) is a monotonically decreasing function

of frequency [ODrude = Co/(l-Hb2T 2 )]. The slow drop in a(w) con-
tinues until 1500 cm', which is the lower limit of the analysis.

Between 1000 and 1500 cm-1 a weak dependence on the low frequency
extrapolation was observed with the behavior below 1000 cm

-

strongly dependent upon the extrapolation. Above 1500 cm- the

results are independent of the extrapolation except for minor

adjustments of the values in the third or fourth significant digit,

details beyond the resolution of this analysis. The value 0 dc

2xl1n0-cm-1 found through direct dc measurements on heavily doped
(AsF5 ) oriented samples of (CH)x is indicated in Fig. 17. Thus,

the low frequency limit of this Kramers-Kronig analysis is quite

consistent with other independent measurements. The decrease of
O below 6000 cm-1 is a real feature of a(w) and not an artifact
of the extrapolation procedure.

Useful information can be extracted by applying the sum rule
relations to the data frDm the metallic state (Fig. 17). The

effective number of electrons per molecule participating in the

free-carrier optical transitions for energies less than the inter-

band transition is given by the oscillator strength

8Uc =hTNe , (")) (13)
8 I' = --- ;-- eff c

0 m
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where Tfeff(C ) is the fractional number of carriers contribute-'-
to the metaliic conductivity. Using v. = 11,000 cm- 1, we fina
the oscillator strength ( " xlCi ) approximately equal to the
total n-electron oscillator strength in the poly-er. The large
oscillator strength therefore suggests that heavy doping removes
the bond-alternation leading to a uniform bond length polyene; a
quasi-one-dimensional broad band metal with all t electrons con-
tributing to the transport, i.e., leff =" 1. Such a picture is
consistent with the small value of the density of states at EF as
inferred from magnetic susceptibility2 2 and thermopower 3 5 studies.
On the other hand, after doping, Raman data continue to show the
two carbon-carbon stretch frequencies 39 (diminished in intensity),
and optical studiesl0,2 9 continue to show evidence of the unshifted
interband transition (no Burstein shift), both characteristic of
the bond alternated semiconductor. A possible explanation is an
inhonogeneous metallic state (possibly resulting from inhomogeneous
doping within the fibrils4 0 ) with undistorted metallic domains
coexistent with regions of bond alternated semiconductor. Such a
picture is consistent with all the data and explains the apparent
absence of a Eurstein shift upon doping, the residual RFman lines,
and the observed sensitivity of the strength of the interband
transition (after doping) to the different dopants.

The low frequency decrease in a(,) extrapolating toward the
dc value cannot be understood in terms of a simple Drude-Lorentz
model of the conductivity. However, it is intuitively clear that
the fibril nature of the polymer will have a very strong effect on
the dc transport properties. Moreover, if the metallic system is
highly anisotropic on a microscopic scale as suggested by dc and
optical studies of partially oriented films, impurities and defects
will have an especially strong effect; in one dimension disorder
leads to localization of states. Thus we anticipate that the low
frequency transport will be limited by the imperfect polymer
structure.

Electron microscopy 1 ,2 3 ,43 photographs of (CH)x films show
a fibril structure with fibril diameter of about 200 A. The indi-
vidual fibrils form a multiply coupled array through branching.
Typical length to diameter ratio for the fibrils appear to be in
the range of about 5-10. Therefore the polymer can be viewed as
an effective medium made up of (CH)x fibrils at a volume filling
factor of about f = i. F2or the as-grown films, the fibrils are
randomly oriented in the plane; stretch orientation leads to
partial alignment. FrpM examination of the electron micrographs
and related x-ray data44 we estimate approximately 75% alignment,
i.e., the alignment factor, r. 0-0.75.

Within the doped (CH), metallic fibrils the intrinsic frequency-
dependent conductivity and dielectric functions are denoted o 1 (w)
and E1("). The bulk properties of the metallic polymer can be

4 -' -- - _ _ __
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related to T, (w) and E, (q;) through effect ive-medi,.u theory (see
ref. 29). The average medium conductivity can Le wrxitten

afa (U) ( 14

T+[4TTa(Lu)/u l g' (l-af )2-

where f is the filling factor, a. is the fractional alignment

factor, and g is the typical depolarization factor (g = (b/a)2

[In(2a/b)-l]) for an ellipsoid of revolution, where b,'a is the
ratio of minor to major semiaxes. In writing the above expression,
we have assumed that, consistent with the metallic behavior,
4Ta, /:) > Moreover, as a result of the observed dc and

optical anisotropy, we consider only the response to components
of the applied field parallel to the (CH)x fibrils.

The important feature of Eq. 14 is that at low enough fre-
quencies, the electric field within an "interrupted strand" is

screened by the depolarization field due to the charge buildup at
the boundary. The characteristic cutoff frequency xc is qiven by

[4Ta 1(wc)/wc]g(l-af) = 1 (15)

and corresponds to the condition when the depolarization factor in

the denominator of Eq. 14 exceeds unity. From Fig. 17, we estimate

U c - 7000 cm 1 at which point the (maximum) medium conductivity is
approximately 3xl 0-1cm "1. Taking af - 0.25 as described above,

Eq. 15 yields g - 10-2, or b/a- 10-1, in good agreement with the

fibril morphology. The results therefore imply that the fibril
structure of (CH) leads to metallic polymers which may be viewed
as interrupted metallic strands. From the magnitude of the cutoff

frequency we infer strand dimensions consistent with fibril dimen-
sions observed in electron microscopy studies. Therefore the

interrupted strands are tentatively identified with the branched
fibrils; localization due to microscopic disorder appears to be
relatively unimportant in these crystalline polymers.

An estimate of the intrinsic conductivity within the individual

metallic doped (CH)x fibrils can be obtained by inverting eq. 14.

At Wc, the denominator is - 2, so that assuming af - -, we find
0i (wc) - 2.4xlOcO'Icm'1. The intrinsic dc conductivity is undoubt-

edly higher. If we assume a Drude dependence, a1 (u) = Co/(l+U'T'),
where T0 is the Drude scattering time for the metallic state. It

is difficult to obtain a direct measurement of To from the avail-

able data. However, the decrease in (ci('")) observed from 7000 to

11,000 cm "  in Fig. 14 implies that mcTo > 1. Thus from this anal-

ysis we are able to estimate the intrinsic dc conductivity within
a single fibril of metallic (CH)x; intrinsic OR2 x 1Q-cm -

v) Mobility Chanles at the SM Transition. Direct measure-

ments of the mobility (e.g. time of flight, etc.) are not available.
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Hall effect data I have been reported in the metallic regime:
however, the Hall coefficient appears to be domir.ated by
fibril structure of the composite medium. Some informationr
the transport mobility in the semiconductor and netal limits I.

be obtained directly from the conductivity, 0 = nei where n 12
density of carriers with charge e, and p is the mobility.

In the undoped trans-(CH)x, the thermopower results imply a
carrier concentration -o fO -4 resulting from residual i.p.urities,
defects, etc. Thus since the number of carbon atoms per unit
volume is nc .. 2xlG Lcm-- (based on the measured density of 0.4
grams/cm), the residual carrier density in undcpeO. :rans-(CH)x
is - lO8ncm . With - lO-05r-1m " (see Fig. ', one finds
"(undoped) 0" 10-4 cm2 !V-sec.

In the metallic regime, e.g. CU(AsF)o the numbers of

carriers can be estimated from the oscillator strength (see sub-
section iv above). The results imply that in the heavily doped
metallic state all the T-electrons contribute to the metallic
transport; thus n--,metal - 2xlO3 cm- . Taking the intrinsic con-
ductivity t1- be c . - . a i a ,
obtains "/(metal) !" 10 cm ,/V-sec. rote that assuming that all
-electrons contribute requires that heavy doping removes the bond-

alternation (see subsection iv above) leading to a uniform bond
length polyene. Taking a somewhat more conservative point of view
one could estimate the number of carriers by assuming unit charge
transfer with one carrier per dopant. For LCH(AsFG)o.IIx' the
corresponding value would be n--2xlO 2  with t--l02cm2 /V-sec!

The high mobility in the metallic state provides strong evi-
dence of the validity of a band theory approach with delocalized
states in this disordered metallic polymer. The inferred values
of 4 are comparable to or greater than the mobilities in the best
metals (e.g. for copper P - 50 cm2/V-sec at room temperature).

The low mobility inferred for the undoped polymer and the
remarkable increase on going through the SM transition are sur-
prising. The low mobility in undoped (CH)x is, however, consistent
with the thermopower results which imply hopping in the undoped
polymer. Hopping transport is not expected for electrons or holes

in a broad band (w- 8 -10 eV) system unless strong electron-lattice
coupling leads to large.effective mass carriers. The soliton doping
mechanism discussed above (Sec. ILIA) does lead to relatively large
effective mass, e.g. Ms- 6 me for Eg = 1.4 eV, M. -12 me for Eg=
2.0eV. Thus the low mobility is consistent with soliton formation
induced by charge transfer doping. Of course, more conventional
polaron effects and/or disorder localization could also play a role.

The low mobility inferred indirectly from the dc transport
may not be appropriate to optically induced electron-hole pairs
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particularly when generated in the high electric field of a ji:'-
tion. Such optically induced minority carriers would move ra: -
to the interface and out of the polymer before a kink could nD.
Thus, the optically induced carrier mobilities Tay be compara1.
to the band-like values found in the metallic regime (u-l0-1ICO
cm2/V-sec). This important question can only be resolved by
more direct measurements involving photogenerated carriers.

vi) The Mechanism of the SM Transition. As an initial point
of view we treated this transition as similar to that seen in
heavily doped semiconductors. In this case, one expects the
halogen and AsF5 dopants to act as acceptors with localized hole
states in the gap, with the hole bound to the acceptor in a
hydrogen-like fashion. For low concentrations, one expects the
combination of impurity ionization and variable range hopping to
lead to a combination of activated processes as obserjed experi-
mentally. However, as extensively discussed by Mott and others,
97 if the concentration is increased to a critical level, then the
screening from carriers will destroy the bound states giving an
insulator-to-metal transition. This will occur when the screening
length becomes less than the radius of the most tightly bound
Bohr orbit of the hole and acceptor in the bulk dielectric;

n 4 - M*) (16)

where aH is the Bohr radius, E is the dielectric constant of the
medium and m*/m is the ratio of the band mass to the free electron
mass. Assuming m*/m0 1 and using E 1 10 from ir reflection mea-
surements, we estimate n - l020-l02 cm-3. Since the density of
carbon atoms is about 2x2A0cm , nc would be in the range of a
few percent assuming one carrier per dopant. The good agreement
with our experimental results is probably fortuitous in view of
the much over-simplified model. More importantly, the magnetic
properties of doped (CH)x are inconsistent with the SM transition
being a Mott transition in the conventional sense. There are two
important points of disagreement:

1) The localized states at light doping are non-magnetic
(see Sec. IIA).

2) There is no evidence of strong correlation enhancement of
the Pauli susceptibility near the SM transition (see
Sec. IIIBii an4 Fig. 14).

Thus the SM transition in doped polyacetylene is fundamentally
different from that observed in traditional semiconductors where
1) and 2) above play a central role.

As shown above, the optical-ir reflectance data suggest an
interpretation in terms of small metallic regions which gradually
grow and coalesce into an extended metallic state at the highest
doping concentrations. In addition, the oscillator strength

... ..V.
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analysis (Sec. ITIBiv) leads to the conclusion that all the
electrons contribute to the metallic conductivity suggesting -a-.
heavy doping removes the bond alternation leading to uniform 'Lo:,
length metallic trans-(CH)x. This is consistent witbh the small
density of states inferred from K znd UK .. .. . :n the con-
text of the soliton doping mechanism discussed above, this picture
of the SM transition could be at least qualitatively understood.
Isolated charged solitons would be non-magnetic, in agreement
with experiment. An attractive interaction between solitons
would lead to a coalescence into uniform bond-length metallic
regions. As the dopant density increases, the metallic regions
would begin to overlap giving, eventually, a metallic state. A
naive estimate of the critical concentration wouli be y. = i/2rl
where N is the hald-width of the soliton; takir.n N 17 one obtains
Yc 6%, inclusion of interchain coupling could lead to a perco-
lation threshold at lower values. The interpretation of the SM
transition as arising from soliton-soliton teractions has been
considered in more detail recently by Rice,40 Schrieffer 9 and
Horowitz.5 0  This interesting possibility will unr-c" i':htedly

stimulate further theoretical ar-I experimental

IV. SEMICONDUCTOR PHYSICS AND DEVICE APPLICATIONS
17,1 8 ,27

A variety of rectifying junctions have been fabricated using
doped and undoped (CH)x. Schottky diodes formed between metallic
AsF 5-doped (CH)x and n-type semiconductors indicate high
[CH(AsF, ) 1. electronegativity. The p-type character of undoped
trans-(CHgx is confirmed by Schottky barrier formation with low
work function metals. An undoped p-(CH)x:n-ZnS heterojunction
has been demonstrated with open circuit photovoltage 0.8 V. These
results point to the potential of (CH)x as a photosensitive
material for use in solar cell applications.

As an example, the I-V and C-V characteristics of a Schottky
junction formed with n-GaAs: (metallic)[CH(AsFs )y x are shown in
Fig. 18. The interface was fabricated by direct polymerization
of the (CH)x film on the semiconductor surface. Several n-GaAs:
(metallic)CH(AsF5 )yIx diodes were produced. As indicated by C-V
and J-V characteristics, all had barrier heights in the range 0.8-
1.0 V consistent with results for most metal: n-GaAs interfaces.
Photosensitive diodes wer.e fabricated using thin semi-transparent
[CH(AsFs )y]x films. Illumination through the polymer with a tung-
sten lamp produced open circuit voltages in the range 0.4-O.6 V.

The formation of rectifying Schottky junctions has been
demonstrated with undoped trans-(CH)x as the semiconductor. Metal
contacts to the (CH), films were formed by pressing small area
metal tips cnto polymer films in inert atmosphere. The undoped
polymer forms ohmic contacts with highly electronegative metals

" wn -- -- -
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(Cu, Au, Pt) and rectifying junctions (Schottky diodes) with

relatively low electronegativity metals (Na, Ba, In). The syste-

matically different behavior with metals of different electronega-

tivity shows that undoped trans-(CH)x is a p-type semiconductor
consistent with thermopower data.

A p-n heterojunction was produced1 8 from undoped trans-(CH)x:
n-ZnS as shown in the inset of Fig. 7. Both free standing films

(pressure contact) and thin film polymerization of (CH)x directly

on the n-ZnS single crystal were employed to form the interface.
In each case rectifying junctions were obtained. The data (Fig. 7)

indicate significant photoresponse at energies well below the 3.7

eV ZnS band gap; the peak absolute efficiency occurring at 3.1 eV
is -0.003. This result is clearly a severe underestimate of the

actual photogeneration efficiency due to inefficient collection

of photocarriers by the small area point contact. Capacitance
measurements imply that .the active area of the (CH)x:ZnS diode
was confined to a small region around the point contact and was
far smaller than the entire 0.15 cm2 interface area. To quantify
this the following experiments were carried out: Junction capac-
itance was measured on the original cell and, subsequently, after
doping with AsF6 to reduce the series resistance. The (CH)x film
was then removed, and replaced over the identical area by a
sputtered Au contact, and the capacitance was measured. The
Junction capacitance of the (CH)x:ZnS diode was < 20 pf, whereas

-. 4;
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after loping with AsF., the canacitance increased to - nf.
The junction capacitance of the Au:ZrS diode was also - C nf.
Therefore an area correction to the quantum efficiency of order
102-103 is implied leading to an actual quantum efficiency for the
(CH)x:n-ZnS junction approaching unity at 3.1 eV. Evidently, this
represents photoactivation of carriers in (CH~x since such a
photoresponse from ZnS at a photon energy 0.6 eV below its band
gap with light illuminating the junction through --1 mm of ZnS is
not reasonable.

Photoelectrochemical photovoltaic cells2 7 have been fabri-
cated using polyacetylene as the active photoelectrode. Utiliza-
tion of polyacetylene as a photoelectrode in a photoelectrochem-
ical (PEC) cell offers attractive prospects. In general, semi-
conductor-electrolyte junctions are relatively insensitive to the
quality of the semiconductor and are favored over solid state
junctions with regard to trapping and surface recombination. The
porous fibrillar microstructure of semiconducting (CH)x should be
an advantage in PEC cells since the electrolyte can come intoi
effective contact with the large surface area ( - 40 m2/g).
Since photoexcitation of polyacetylene involves only pi-electrons
with the backbone binding sigma-bond remaining intact, photo-
dissolution may not be a.serious problem.

The (CH)x electrode configuration utilized is shown in Fig.
19. To reduce series resistance, the (CI{) x film is contacted to
a thin copper sheet using Electrodag. The entire structure is
then dipped into molten paraffin wax; the wax is subsequently
partially removed from the active surface by scraping with a
razor blade thus exposing only the outermost fibrils to the
electrolyte. The wax-filled electrode was utilized in these
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initial studies as a simple means of preventing permeation of the
electrolyte through the porous film to the Fiectrodag backing.

The aqueous electrolyte consisted of a saturated Na2 S solution
to which sulfur has been added to saturation. The alcohol/water
electrolyte consisted of either a) 1 volume of saturated aqueous

sodium polysulfide and two volumes of isopropyl alcohol to which

sulfur has been added to saturation, or b) 1 volume of the satu-
rated aqueous sodium polysulfide solution to which 1 volume of

isopropyl alcohol has been added. The resulting sodium polysul-

fide solution acts as an effective redox couple

S -2 + 2e" = S -2 + S n2 (y t n+l)y y-n n

Since (CH)x is p-type, photogenerated electron-hole pairs are
separated at the (CH)x-electrolyte interface with electrons in-
jected into the electrolyte. The resulting S= ions migrate to the

Pt electrode where they lose electrons to reform the S species.
The liberated electrons return to the (CH)x electrode ia the

external circuit. Since (CH)x is hydrophobic, the alcohol was

added to the solution to achieve improved contact at the (CH)x
surface.

The photoresponse spectrum of the (CH)x PFC cell is shown in
Fig. 20 plotted as relative quantum efficiency vs photon energy.
The open circles represent data obtained directly from the cell
with light incident on the photoelectrode through the highly colored

orange solution which rapidly becomes opaque above 2.2 eV. The

crosses represent the quantum efficiency corrected for light ab-
sorption by the electrolyte. The absolute quantum efficiency is

approglmately 1% at 2.4 eV. The dashed curve on Fig. 20 repre-
sents the photoconductivity response of (CH)x (normalized to



the PEC cell data at 2 eV) as measured at the University of

Pennsylvania using standard techniques. :he nearly identi:aI
shapes of the PEC photoresponse and the (CH)x photoconduc: '.
curves indicate that the former arises frcm electron-hole en -

ation in the semiconducting polymer with subsequent minorit'y
carrier (electron) transfer into the sodium polysulfide solut':.
at the interface.

In a general context, these junction formation ex-periments
demonstrate that doped (CH)x can be used in a manner similar to
conventional semiconductors. The Fermi level can be set rand
moved) by selected dopants. Photogeneration of carriers has been
demonstrated both in solid state p-n and Schottky junctions and
in the PEC configuration. Quantumr efficiencies tre low below
2 eV but increase to values approaching unity at uigher energies.

V. PROGRESS ON NEW MATERIALS

Considering possible polyacetylene derivatives, replacement
of some or all of the hydrogen atoms in (CH)x with organic or
inorganic groups, copolymerization of acetylene with other acetyl-
enes or olefins, and the use of completely different conjugated
polymers, a large new class of conducting organic polymers can be
anticipated with electrical properties that can be controlled over
the full range from insulator to semiconductor to metal. Work
along these lines has been initiated. Substituted polyacetylene
derivatives are being studied at a number of laboratories with
initial results that look promising. The work on poly(para-
phenylene)52 and polypyrrole have demonstrated a second system
which can be doped (n- and p-type) etc. with resulting properties
similar to those of doped (CH)x .

Continuing collaborative work5 3 at the U. of Massachusetts
and the U. of Pennsylvania, and independent studies of Shirakawa54

in Tokyo have resulted in the synthesis of a new form of poly-
acetylene with variable density, through the isolation of a gel
as a synthetic intermediate step. Scanning electron micrographs
show the fibril structure characteristic of (CH)x, but with a
fibril diameter of - 600 1 to 800 A. Electrical conductivity
and thermpower measurements on samples of the undoped polymer
and on samples doped with iodine or AsF s imply properties nearly
identical with previously studied as-grown films of (CH)x , but
with a lower density of (CH)x fibrils per unit volume.

The density of the "foam-like" materials was in the range
0.02 gm/cm3 to 0.04 gm/cm3 with some variation from sample to
sample. Pressed films were obtained with density 0.1 gm/cm3 to
0.4 gm/cm3 depending on the final thickness. These values are to
be compared with the 0.4 gm/cm density of the as-grown (CH) x

2PP - -I |



fil.ms. Since the flotation density of the as-grown (C!)f
is 1.2 g./cr3 , the volume filling fraction, f, of fibrils !=
approximately 1/3. For the "foam-like" material, f - 0.015
0.03 whereas the variable thickness pressed films have inter-
mediate values for f.

Electrical conductivity and thermopower data were obtained
from the "foam-like" material and from pressed films. Measure-
ments were carried out on undoped samples and on samples heavily
doped with iodine or AsF.. The thermopower of the undoped polyrmer
is insensitive to the density; the "foam-like material and the
pressed film yield thermopower values of approximately +.-,00 .V/K.
Any variations are comparable with the typical variations observed
earlier in as-grown fiLm samples from different synthetic prepar-
ations. Similarly, after heavy doping, the results are insensitive
to the density with values for the "foam-like" material, pressed
film and as-grown films in good agreement for each dopant. Com-
parison with the variation in S as a function of dopant concen-
tration studied in detail earlier leads to the conclusion that
the heavily doped samples are all ,etallic. The thermopower
results imply that the various forms of the doped and undoped
polymers are microscopically identical. The lcw density materials
simply consist of fibrils at a smaller filling fraction, f.

The electrical conductivity data are consistent with this
conclusion. The conductivity of the undoped "foam-like" material
is nearly two orders of magnitude below that of the high density
pressed film. Although there may be some increase in the inter-
fibril contact resistance, the reduction in f is of major import-

ance. This conclusion is strengthened by the observation that the
conductivity activation energy (obtained from the temperature
variation of the conductivity near room temperature) is 0.25 eV

for both samples. This value is comparable to the 0.3 eV value
typically obtained from as-grown films.

Similar results are obtained with the heavily doped polymers.
The conductivity (176 ohm- -cm 1 ) of the FCH(AsF. )o. 63 , prepared
from the low density pressed cis-(CH), film (p =.1 gmjcr?) is
correspondingly lower than that of the conductivity (560 ohm'l-cma1,
1200 ohml -- cm-1 ) of FCH(AsF 6 )0 1 4]x,[CH(AsF5 )0 1 0J_ respetively,
prepared from as-grown cis-(CH)x film (p = 0.4 gm/cm ). The room
temperature conductiv'ty of (CHIo os)x increases by a factor of
forty on going from the low density "foam-like" materials to the
high density pressed film. In all cases, the resulting conductiv-

ity increases with the filling fraction of fibrils. Note that the
increased fibril size in the "foam-like material and pressed films
does not appear to significantly alter the resulting transport
properties of the doped polymers. The resulting doped and undoped
variable density (CH)x polymers can be viewed as effective media
in which the dc electrical transport is determined by the volume
filling fraction of conducting fibrils.

4t _____ _______ __ _



VI. CCNCLUSICN

The emergence of polyacetylene is a prototype conductin:
organic polymer can be viewed I.....e..c: t: .e recent --

opments in research on quasi-id organic ic::<uc:os. mn only a
years, organic conductors have progressed from ziny, brittle,
molecular crystals with single crystal electrical conductivity
less than 10 (0-cm)- to large area flexible (CH)x polymer fil'.s
with conductivity systematically controllable over a remarkable
range (less than 10-3Q-1 -cm"i to greater than 2xlOJ(-I--cm -l . Fhe
interest in the fundamental physics and che... try of this novel
system and the initial success in device fabrication have stim-
ulated a broad based intdrdisciplin&- c.t- of 1o ped conducting
polymers in many laboratories throui : .... . orld. :w concept-s,
new materials, and new and unusual electronic 'roperties have
already been demonstrated. It appears safe to concluie that this
field will continue to grow; and that by means of a three fold
interdisciplinary effort involving chemistry, -:ysics and -olymer
science, conducting polymers will develop in- broad class of
materials of considerable sci _ntific interest ... :or.tial
tec'h.ological importance.
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